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Abstract It is known that an acute hepatotoxicity is produced 
in rats by intraperitoneal administration of galactosamine; a 
consequence of this treatment is a marked deficiency of 
lecithin:cholesterol acyltransferase (LCAT) activity in the 
plasma compartment. In this study high density lipoprotein 
(HDL) from galactosamine-treated rats was isolated, resolved 
into subpopulations, and characterized. In contrast to H D L  
from control rats, which elutes from gel filtration columns as a 
single peak and has a diameter of 13.1 nm, H D L  from the 
galactosamine-treated animals was found to elute in five major 
zones with diameters of 7.8-35 nm. Characterization of these 
subpopulations has revealed that the larger fractions are en- 
riched in apolipoprotein E, phospholipid, and cholesterol, but 
contain little cholesteryl ester, while the smallest two fractions 
contain mainly apolipoprotein A-I, are enriched in phospholip- 
id, and have 50-60% of their cholesterol in the ester form. In- 
cubation of H D L  from treated rats with a source of LCAT 
activity plus low and very low density lipoproteins caused 
transformation of these subpopulations into a species which, by 
size and composition, was essentially identical to control rat 
HDL.  In addition, when the subpopulations were individually 
incubated with purified human lecithin:cholesterol acyltrans- 
ferase and bovine serum albumin, there was a similar con- 
vergence toward a moderate particle size approximating control 
rat HDL.  Cross-linking studies showed that incubation with 
LCAT activity reduced the heterogeneity of the treated rat 
HDL.  We conclude that the galactosamine treatment in- 
duces a complex mixture of H D L  that bears strong similarities 
to the small, apoA-I rich and large, apoE-rich particles seen in 
LCAT deficiency or secreted by hepatic cells in culture. Further- 
more, these species appear to coalesce in the presence of the 
d > 1.21 g/ml fraction of control serum to yield a fairly homo- 
geneous population that resembles control rat H D L  in size, 
composition, and apoprotein content. - Matsuura, J. E., and 
J. B. Swaney. High density lipoprotein subpopulations from 
galactosamine-treated rats and their transformation by 
lecithin:cholesterol acyltransferase. J Lipid Res. 1991. 32: 
581-594. 
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Nascent HDL,  the polar lipid-rich precursors to plasma 
HDL,  are newly formed lipoproteins that exist only tran- 
siently in the plasma. Either newly secreted by liver or  in- 

testinal cells or generated as polar lipid-rich fragments of 
very low density lipoproteins (VLDL) or chylomicrons 
after triglyceride hydrolysis, these H D L  are believed to be 
favored substrates in the 1ecithin:cholesterol acyltrans- 
ferase (LCAT) reaction. These species undergo transfor- 
mation to plasma HDL,  primarily as a consequence of 
LCAT-mediated formation of hydrophobic cholesteryl es- 
ters (CE) from cholesterol and phosphatidylcholine (1 -3). 

The majority of nascent H D L  is thought to possess a 
discoidal morphology due to a paucity of core lipids (e.g., 
triglyceride and cholesteryl ester); in generating CE,  
LCAT effects a disc-to-sphere transformation. Discoidal 
H D L  have been isolated from a number of sources, in- 
cluding liver perfusates from rats and African green 
monkeys, media from a human hepatoma cell line 
(HepG2), mesenteric lymph from rats, and plasma from 
patients with familial LCAT deficiency or LCAT deficien- 
cies secondary to liver disease (1, 3-7). With the exception 
of the H D L  isolated from mesenteric lymph, all of these 
discoidal H D L  were reported to be enriched in apolipo- 
protein E. 

In addition to discoidal HDL,  populations of small 
spherical nascent H D L  have also been isolated from a 
variety of sources, including media from mouse hepato- 
cytes and HepG2 cells, liver perfusates from African 
green monkeys, rat mesenteric lymph, and plasma from 
patients with familial LCAT deficiency or with obstructive 
jaundice (4, 7- 10). These H D L  contain predominantly 
apoA-I, have Stokes diameters of 7.5-8.0 nm and are en- 
riched in phospholipid and free cholesterol. Incubation of 

Abbreviations: apo, apolipoprotein; RSA, bovine serum albumin; CE, 
cholesteryl ester; Chol, cholesterol; FC, free cholesterol; cHDL, control 
HDL; galN, galactosamine; gHDL, HDL from galactosamine-treated 
rats; HDL, high density lipoproteins; LDL, low density lipoproteins; 
LCAT, 1ecithin:cholesterol acyltransferase; PL, phospholipid; DMPC, 
dimyristoylphosphatidylcholine; SDS-PAGE, sodium dodecyl sulfate 
polyacrylamide gel electrophoresis; TG, triglyceride; VLDL, very low 
density lipoproteins. 
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these H D L  with a source of LCAT and free cholesterol 
was shown to generate larger spherical H D L  (4, 11). 

Sabesin, Kuiken, and Ragland (12) have shown that an 
experimental hepatotoxicity can be produced by injecting 
rats with galactosamine and that a major consequence of 
this treatment is a dramatic reduction in LCAT activity. 
Galactosamine induces an LCAT deficiency by trapping 
the liver's uridine pool as UDP-galactosamine derivatives 
and thereby inhibits UDP-dependent synthesis of glyco- 
proteins, glycolipids, glycogen, nucleic acids, and a 
number of other macromolecules (13). Secretion of LCAT, 
which contains 24% carbohydrate by weight, is severely 
inhibited by galactosamine treatment. At 3 h post- 
galactosamine injection, LCAT activity levels fall to 25% 
of control values. By 24 h they are at 10% of control levels 
and the percentage of cholesterol as ester in serum is 
reduced five- to sixfold. H D L  isolated from these animals 
are quite heterogeneous, but seem strikingly similar to 
H D L  isolated from plasma of patients with familial 
LCAT deficiency in that they contain a range of particles, 
which include populations of large disks, large spheres, 
and small spheres (12, 14). 

Although the galactosamine-induced hepatotoxicity 
could give rise to aberrant lipoprotein species, the H D L  
seen in this condition are of interest not only for 
understanding the effects of liver damage, but also 
because the low LCAT levels in these animals allow for 
study of lipoproteins that are prematurely halted in the 
maturation pathway. By isolating and characterizing in- 
dividual H D L  species, we undertook to establish the ex- 
tent to which these H D L  compare with other models of 
the LCAT-deficient state. 

MATERIALS AND METHODS 

Generation of galactosamine-treated serum pool 

Male Sprague-Dawley rats (275-300 g) were obtained 
from Taconic Farms, Inc. (Germantown, NY) and were 
housed in the animal care facilities for at least a week 
before experimentation was begun; at the onset of the ex- 
periment the average weight of the animals was 300- 
350 g. The  procedure of Cartwright et al. (14) was used 
with slight modification to produce an acute hepatotoxici- 
ty leading to an  LCAT deficiency. Briefly, after an over- 
night fast, the animals were given an intraperitoneal 
injection of 1000 mg/kg of galactosamine (galN) prepared 
as a solution of 350 mg  galN/ml 0.9% NaCl for ex- 
perimental animals or an equal volume of the 0.9% NaCl 
solution for control animals. 

The  animals were fasted for an  additional 24 h and 
then were exsanguinated from the abdominal aorta under 
methoxyflurane anesthesia. The blood was allowed to clot 
on ice and the serum was collected. Free and total 
cholesterol were measured by enzymatic assays and the 

percentage of cholesterol as ester was calculated for each 
serum sample. Sera with percentages of 25% CE or less 
were pooled to form the experimental group. Initially, 
only sera with percentages of 15% or less were pooled as 
had been suggested by Cartwright et al. (14), but it was 
found that the size and composition of the H D L  isolated 
from sera that had percentages of esters of 15-25% were 
not significantly different from the H D L  from sera with 
percentages of esters of 15% or less, so the experimental 
group was expanded to include sera with percentages up 
to 25%. 

Isolation of HDL 
Isolation of the galactosamine-treated rat H D L  

(gHDL) and the H D L  from control fasted animals 
(cHDL) in the density range of d 1.07-1.23 g/ml was ac- 
complished using isopycnic ultracentrifugation; for most 
experiments this required three centrifugation steps. Solid 
KBr was added to the sera pools to adjust the density to 
1.07 g/ml and the samples were centrifuged in a Beckman 
70 T i  rotor at 40,000 rpm for 16 h at 15OC. The  density 
of the infranatant was adjusted to 1.23 g/ml with solid 
KBr and centrifugation was conducted at 35,000 rpm for 
44 h. The d 1.07-1.23 g/ml fraction was recentrifuged at 
a density of 1.23 g/ml to remove albumin. 

Separation of gHDL fractions by gel filtration 
The gHDL was applied to a Bio-Gel A-1.5 m agarose 

column (1.6 x 90 cm) connected in series to a Bio-Gel A- 
0.5 m agarose column of the same dimensions (Bio-Rad, 
Richmond, CA). The columns were equilibrated with a 
20 mkf Tris-HC1, 0.15 M NaCI, 0.01% NaN3, and 0.01% 
EDTA, p H  7.2, buffer. The absorbance of the column 
effluent was monitored at 280 nm and 4-ml fractions were 
collected. Peak fractions were then pooled and concen- 
trated using Amicon Centripreps and Centricons (Ami- 
con, Danvers, MA) and dialyzed against the NaCI-EDTA 
buffer described above to remove Tris, which is known to 
interfere with the Lowry protein assay (15). 

Determination of particle size 
Pore-limit electrophoresis was conducted on pre-cast 

4-30% polyacrylamide gels in a Pharmacia gel elec- 
trophoresis apparatus (Pharmacia-LKB, Piscataway, NJ) 
at 7°C for 3000 volt-hours. The protein was then stained 
with Coomassie blue and the gels were scanned to deter- 
mine the Stokes diameter of the major bands by compari- 
son with the R, values (based upon albumin migration) 
for protein standards of known Stokes diameter run on 
the same gel. The hydrated Stokes diameter values used 
were: 17.0 nm for thyroglobulin, 12.2 nm for apoferritin, 
10.2 nm for catalase, 8.1 nm for lactate dehydrogenase, 
and 7.1 nm for bovine serum albumin (16). In some in- 
stances, the Rf for rat LDL (Stokes diameter, 30 nm 
(12)), was used to extend the calibration curve to larger 
sizes. 
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Apolipoprotein composition 

SDS-PAGE was performed on slab gels with an 
acrylamide gradient from 3-2776 for 16 h at 38 V; the gel 
was stained for protein with Coomassie blue, scanned, 
and the percentages of apolipoprotein A-I, E, and A-IV 
were determined from the areas under the peaks after cor- 
recting for differences in staining intensities of the apoli- 
poproteins. The areas under the peaks were divided by 
the following correction factors, 0.44 for apoA-IV, 0.54 for 
apoE, and 1.0 for apoA-I (Swaney, J. B., F. Braithwaite, 
and H .  A. Eder, unpublished observations). 

Isoforms of the apolipoproteins were separated by 
isoelectric focusing using the method of Gidez, Swaney, 
and Murname (17). HDL samples were prepared in an 
equal volume of tetramethylurea and applied to 7.5% 
polyacrylamide tube gels containing 6.8 M urea and the 
ampholyte, Bio-lyte 4/6 (Bio-Rad), and then elec- 
trophoresed overnight. 

Chemical cross-linking of gHDL 

Chemical cross-linking of the proteins of each HDL 
was carried out using the bifunctional reagent, 
dimethylsuberimidate (18). The cross-linked samples then 
underwent SDS-PAGE and the protein mass was 
calculated by comparing distances of migration of the 
main cross-linked bands with those of cross-linked stan- 
dards of known mass run on the same gel. 

Compositional analysis 

Protein was determined by the Markwell modification 
of the Lowry assay (19). Free and total cholesterol were 
measured by enzymatic assays and cholesteryl ester mass 
values were calculated by taking the difference between 
free and total cholesterol measures and multiplying by a 
correction factor of 1.7. Phospholipid was quantitated by 
the Wako enzymatic assay which measures choline after 
it is released by phospholipase D (Wako Pure Chemical 
Industries, Ltd., Osaka, Japan). Values for phospholipid 
were also determined by phosphorus assay (20), but as 
values were not significantly different between the two 
assays, the Wako assay was routinely used. Triglycerides 
were assayed by an enzymatic kit (Craig Bioproducts, 
Streamwood, IL). All assays were conducted in duplicate 
for a given experiment. 

Incubation of HDL in reconstituted serum 

The gHDL and cHDL were incubated for 24 h at 37°C 
with the d >  1.21 g/ml density fraction of control rat 
serum, which served as a source of LCAT activity as well 
as providing albumin for binding of lysolecithin; in some 
cases control d > 1.07 g/ml serum fraction was added as 
a source of additional cholesterol. The product HDL were 
reisolated in the density interval of d 1.07-1.21 g/ml by 
ultracentrifugation. 

LCAT purification and activity assay 

LCAT was purified from human hyperlipidemic 
plasma using a procedure based on the method of Matz 
and Jonas (21). The plasma was first centrifuged at 27,000 
g for 1 h to remove chylomicrons and then ultracentri- 
fuged at d 1.21 g/ml at 54,000 rpm, 10°C for 36 h in a 
Beckman 70 Ti rotor. The clear zone was collected by slic- 
ing the tubes to remove the d > 1.21 g/ml fraction and 
then pipetting the clear layer above the bottom yellow 
zone. After dialysis against 10 mM Tris-HC1, 50 mM 
NaCI, 5 mM EDTA, pH 7.6, this fraction was applied to 
an Affi-gel blue affinity column (Bio-Rad) connected in a 
series to a DEAE-Sepharose CL-6B column (Sigma, St. 
Louis, MO). Elution from the DEAE-Sepharose column 
was achieved with a 75-200 mM gradient of NaCl in the 
Tris buffer. Fractions were assayed for LCAT activity and 
two peaks with enzyme activity were pooled, dialyzed 
against 5 mM sodium phosphate, 140 mM NaCl, pH 6.9, 
overnight. 

This pool was then applied to a Bio-Gel H T P  hydroxy- 
apatite column (Bio-Rad). Fractions were eluted with a 
10-60 mM sodium phosphate gradient. The LCAT activ- 
ity was found to be associated with the fractions com- 
prising the first large peak, which were pooled and 
dialyzed against the 5 mM sodium phosphate buffer over- 
night, and then concentrated by applying this pool to a 
second smaller hydroxyapatite column and eluting with a 
minimal volume of 60 mM sodium phosphate, 140 mM 
NaCl, pH 6.9. A final dialysis step was performed against 
10 mM Tris-HC1, 5 mM EDTA, pH 7.6, and an addi- 
tional concentration step using Amicon centricons was 
conducted for dilute samples. 

Protein was assayed by Bradford assay (22) using im- 
munoglobulin as standard (Bio-Rad). LCAT activity, ex- 
pressed as nmol cholesterol esterifiedlh per ml sample 
volume, was measured using the LCAT activity assay of 
Chen and Albers (23), modified as described below. An 
apoA-I/DMPC/[3H]chole~ter~l liposome substrate (1: 
250:12.5 mollmol) was prepared as previously described 
(24) and substituted for the apoA-I/egg yolk phosphati- 
dylcholine/cholesterol liposome substrate of the same 
molar ratio. Other modifications were made in the in- 
cubation time, which was extended from 15 min to 1 h, 
and in the sample volume, which varied from 5 to 100 pl, 
depending upon the degree of purification and dilution of 
the sample. The sample volume of 15 pl was maintained 
for plasma samples. 

Incubation of gHDL fractions with purified LCAT 

The gHDL fractions were incubated with purified 
human LCAT (110 U/ml, the activity level measured in 
control serum) and bovine serum albumin (5 g/dl) for 
24 h at 37OC and then reisolated with a single centrifuga- 
tion at a density of 1.21 g/ml using the 50 Ti rotor with 
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Fig. 1. Pore-limit electrophoresis of cHDL, gHDI., and gHDL col- 
umn fractions. Lanes I and 9 contain protein standards (thyroglobulin, 
apoferritin, catalase, lactate dehydrogenase, and bovine serum albumin) 
and lane 2, cHDL; lane 3, gHDL; lane 4, gHDL + ; lane 5, gHDL,,; 
lane 6, gHDL,,; lane 7, gHDL,,;  and lane 8.  gH8L8.  Lanes 2 and 5-8 
contain 7.5 pg of HDL protein; lanes 3 and 4 contain 15 pg and 5 pg, 
respec t i vel y. 

2-ml tubes. The HDL fractions were collected by tube sli- 
cing, dialyzed against 0.15 M NaCI, 2.7 mM EDTA, pH 
7.6. and characterized. 

R ES U LTS 

Isolation of HDL 

HDL were isolated as the d 1.07-1.23 g/ml density 
class, extending the normal density interval for rat HDL 
(d 1.07-1.21 g/ml) (25) to 1.23 g/ml to maximize the yield 
of the smallest, densest HDL isolated from 
galactosamine-treated rats. For control animals this den- 

sity class contained minimal contamination from HDLl  
(d 1.05-1.07 g/ml) or low density lipoprotein (LDL), 
which had been seen as additional species eluting at or 
near the void volume when a density of 1.05-1.23 g/ml 
was used to isolate cHDL. For gHDL there was no discer- 
nible difference in the elution patterns when either a lower 
density cut of 1.05 g/ml or 1.07 g/ml was used. The pro- 
tein concentration of the gHDL in serum was consistently 
found to be approximately one-third the value seen for 
cHDL (0.14 mg/ml serum for gHDL and 0.4 mg/ml for 
cHDL). 

Particle Size 

In order to evaluate the homogeneity of the HDL 
isolated from cHDL and gHDL, pore-limit electrophore- 
sis on acrylamide gradient gels was performed; this 
showed very different patterns for cHDL and gHDL (Fig. 
1,  lanes 2 and 3). While cHDL yielded a single broad 
band with Stokes diameter of 13.1 k 0.2 nm, gHDL was 
separated into a number of bands with Stokes diameters 
ranging from 7.8 to greater than 35.0 nm. 

To isolate the individual gHDL species, the d 1.07-1.23 
g/ml density class was applied to two gel filtration col- 
umns connected in series; the gHDL eluted as five major 
peaks which were separately pooled (Fig. 2). The names 
of the pools reflect their average Stokes diameter deter- 
mined by pore-limit electrophoresis (Fig. 1 ,  lanes 4-8). 
The largest species, gHDL35+, which eluted with the 
void volume of the column, had a Stokes diameter of 
34.5 f 0.8 nm (lane 4). Despite the high absorbance 
value seen for this fraction, which is attributable to turbi- 
dity, this pool accounted for less than 10% of the protein 
recovered from the column. The second eluted fraction, 
gHDL3o (Fig. 1, lane 5) was composed of two bands of 
Stokes diameters of 31.4 0.9 nm and 27.8 k 1.3 nm 
and represented approximately 30% of the protein 
recovered. As the gHDL35+ and the gHDLS0 subfrac- 
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Fig. 2. Gel filtration of the d 1.07-1.23 g/ml fraction 
from control (-----) and galactosamine-treated rat sera 
(-) on a Bio-Gel A-1.5 m agarose column 
(1.6 x 90 cm) connected in series to a Rio-Gel A-0.5 
m agarose column (1.6 x 90 cm). Fractions were 
pooled as follows: gHDL,,. (27-29). gHDL-30 
(32-36). gHDLI6 (38-40). gHDL, I (43-46). and 
gHDL8 (49-52). 

25 35 45 55 
FRACTION NUMBER 
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tions were found to be at or above the largest standard us- 
ed, their Stokes diameter assignments are considered to 
be tentative. 

The next pool, gHDL16, represented about 10% of the 
protein recovered and contained a numbcr of bands; the 
two most prominent bands had Stokes diameters of 
17.3 0.6 nm and 15.4 k 0.3 nm (Fig. 1, lane 6). The 
two remaining pools, gHDL, I and gHDL8, had Stokes di- 
ameters of 10.6 k 0.3 nm and 7.8 k 0.2 nm, respective- 
ly, and accounted for about 30% and 5% of the protein 
recovered. The remaining 15% of the recovered protein 
was associated with the fractions between the pooled frac- 
tions. In preliminary experiments the cHDL was also ap- 
plied to the agarose column system. However, i t  was 
found that the cHDL eluted as a single broad peak, so in 
later experiments i t  was no longer applied to the columns. 

Apolipoprotein composition 

Studies of the  cHDL, gHDL, and the gHDL gel filtra- 
tion fractions by SDS-PAGE demonstrated that there was 
considerable variability in apolipoprotein composition of 
gHDL. In general, gHDL displayed a higher percentagr 
of apoE and a lower percentage of apoA-IV than cHDL 
(Fig. 3; Table 1). Among the gHDL subfractions, the 
larger species, gHDLS5+ and gHDLSo (Fig. 3 ,  lanes 2 
and 3), were enriched in apoE, while the smaller particles, 
gHDL, I and gHDIA8, contained predominantly apoA-I 
(Fig. 3, lanes 5 and 6). The apolipoprotein composition of 
gHDLt6 was the most variable, possibly reflecting the 
greater number of subspecies making up this pool, but i t  
was also the most similar to that of cHDL. 

When applied to SDS-PAGE, the gHDL8 subfraction 
was found to contain a band that migrated like apoA-IV 

when the samples were reduced with 0-mercaptoethanol 
(Fig. 3 ,  lane 6). However, whcn P-mercaptoethanol was 
not added, this band migrated farther than apoA-IV (Fig. 
3 ,  lane 7). T h i s  type of an effect of P-metcaptorthanol on 
ii protein is typical of that observed for reduction of in- 
trachain disulfide bonds. Rat apoA-IV contains no disul- 
fide bonds (26) and the migration of apoA-IV is not 
afIected by P-mercaptoethanol treatment (Fig. 3, lane 9 
vs. 10) (27). These data imply that this band is not apoA- 
IV. Alternative possibilities might include apoH, which 
has several internal disultide bonds and a size compatible 
with these data, or a,-acid glycoprotein, a protein of 
similar size that is known to become elevated with liver in- 
jury. That this protein is not apoA-IV appears to be sup- 
ported by isoelectric focusing since, when the gHDL8 sub- 
fraction was applied to an IEF gel with a pH range 4-6, 
only faint bands were visualized in the region where 
apoA-IV isoforms are usually seen (Fig. 4, lane 7); 
however, a cluster of bands was seen in the pH range of 
4.8-5.3, ii region that does not overlap with any of the PI 
values for the known rat apolipoproteins (17). 

Dory et al. (28) have reported that newly synthesized 
apoE, secreted as a component of nascent HDL, are en- 
riched in sialic acid residues as compared to apoE isolated 
from plasma lipoproteins, which band predominantly as 
isoforms containing no sialic acid residues. They pro- 
posed that apoE contained on nascent HDL is pro- 
gressively desialylated during its lifetime in the plasma 
compartment. To ascertain whether the different species 
of gHDL might reflect different degrees of desialylation of 
aPoE, isoelectric focusing was performed. Isoelectric 
focusing patterns of cHDL and gHDL (Fig. 4, lanes 1 and 
2) did not demonstrate an altered proportion of the more 
acidic isoforms apoE in  gHDL when 'Ompared t' 
cHDL (17). However, it is known that galactosamine 

Fig. 3. SDS-PAGE of cHDL, gHDL. and gHDI. column fractions. 
All samples were reduced with P-mercaptoethanol unless otherwise 
noted. Twenty cg of protein was applied to each lane. Lane 1, sHDL. 
lane 2, gHDL,, , lane 3, R H D L ~ ~ ,  lane 4. gHDL,,, lane 5. gHDLtI ,  
lane 6, gHDL8, lane 7,  gHDLB minus 0-mercaptoethanol, lane 8, hu- 
man apoA-I as a standard, lane 9, cHDL, and lane IO. cHDL minus 0- 
mcrcaptoethanol. 
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Fig. 4. Isoelectric focusing of cHDL, gHDL, and gHDL column frac- 
tions. Fifty pg aliquots wrre applied to 7.5% polyacrylamide tuhr gels 
containing 6.8 51 urea and Rio-lyir 416 (ampholyte for the pH range 
4-6) and rlcrtrophoresed overnight. Lane I ,  cHDI., lane 2, gHDI,. lane 
3 .  gHDI.,.,+. lane 4, gHDI.,,,, lane 5.  gHDLI6, lane 6 ,  gHDI.,,.  lane 
7 .  gHDI,,. 

depletes the liver’s uridine pool and can therefore severely 
inhibit glycosylation. 

The IEF pattern for cHDL, though, did show some 
differences from that of gHDL. The cHDL contained a 
band at the more basic end of the apoE/apoA-IV isoform 
region, which was absent from gHDL and it also con- 
tained more protein in the apoC region than gHDL. The 
isoelectric focusing patterns seen for the individual gHDL 
subfractions were in agreement with the percentage of 
apoA-I, apoE, and apoA-IV determined from SDS-PAGE 
analysis (Table 1); for example, gHDLS5, was relatively 
poor in apoA-I (Fig. 4, lane 3), while ~ H D L I  I and gHDLR 
were apoE poor (Fig. 4, lanes 6 and 7). 

Chemical cross-linking 

In  an effort to quantitate the mass of protein that 
resides on each species of particles, chemical cross-linking 
of HDL followed by SDS-PAGE was performed (Fig. 5). 
The cHDL cross-links as a broad band with a protein 
mass of 153,000 k 13,000 (lane 9). By contrast, cross- 
linking of the gHDL yields a number of bands, including 

The apoE-rich gHDL particles yielded much less 
homogenous cross-linked products than the apoA-I-rich 
gHDL. No discernible cross-linked mass was seen for 

+ (lane 3). gHDLJo contained bands with an M ,  
corresponding to apoE monomer, dimer and trimer, and 
a faint broad band at 160,000 which may represent a max- 
imum protein mass per particle. The gHDLi6 subfraction 
revealed a band with a mass of 140,000 f 2,000, but still 
contained distinct apoE monomer and dimer bands. 

Table 2 presents the particle mass, calculated by divid- 
ing the protein mass per particle as revealed by cross- 
linking by the protein weight percentage for a given 
HDL. The particle mass of the gHDL subfractions 
covered a range from 100,000 to over 600,000, composed 
of HDL particles both smaller and larger than cHDL. 

Chemical Composition 

The chemical composition of gHDL differs greatly 
from that of cHDL (Table 3). The gHDL are enriched in 
free cholesterol (16.7 f 1.8% vs. 4.1 k 0.8%) and 
phospholipid (51.4% f 3.9% vs. 24.0 f 1.5%), but con- 
tain much less protein (25.4 k 4.3% vs. 37.8 k 2.2%) 
and cholesteryl ester (6.6 f 2.1% vs. 34.1 f 3.3%) than 
cHDL. Additionally the percentage cholesterol esterifica- 
tion for gHDL (19.0 f 5.3%) is much less than that for 
cHDL (83.0 f 3.3%). 

The apoE-rich species (gHDL35 + , gHDL30, and 
gHDLi6) are enriched in FC and PL, but have much 
lower percentages of protein and CE as compared to 
ci-IDL. Like the apoE-rich gHDL, the apoA-I rich spe- 
cies, gHDLll  and gHDL8, are also enriched in PL. 
However, they are not enriched in FC and have a higher 
percentage of CE than apoE-rich HDL. Their level of 
percent esterification (5040% cholesterol as ester), while 
lower than that for cHDL, is still significantly higher than 
that seen for the apoE-rich gHDL (4-2076 cholesterol as 
ester) and indicates that these HDL have some cholesteryl 
ester core. 

-24300 
bands corresponding to apoE monomer and dimer (lane 
2). Cross-linking of the apoA-I-rich species, gHDLl I and 
gHD149 yielded more homogeneous profiles: the pre- 
dominant band for gHDLll  was at 85,000 f 3,000, while 
that for g H ~ ~ 8  was at 55,700 2,100; these molecular 
weights correspond to those expected for A-1 trimers and 
dimers, respectively. 9. cHDI,. 

1 2 3 4 5  6 7 8 9 1 0  

Fig. 5. SDS-PAGE of HDI, species cross-linked with dimethylsuber- 
imidate. Cross-linked RSA (lane 1). human apoA-I (lane 8). and hemo- 
cyanin (lane IO) were applied to the gel as standards. Twenty pg diquots 
were applied to each lane: lane 2, gHDL, lane 3, gHDL,,+,  lane 4, 
gHDLlo, lane 5, gHDL,,. lane 6, gHDL,, .  lane 7,  gHDL8, and lane 

586 Journal of Lipid Research Volume 32, 1991 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 2. Particle mass of HDL subfractions 

Cross-Linked Particle 
HI)I. Protein Mass ( x IO-') Mass ( x  I O F )  

RHDLI,  140.0 _+ 2.0 
gHDLi I 85.0 2 3.0 

cHDL 152.7 f 12.5 
~ H D L R  55.7 * 2.1 

610 ? 20 
253 + 10 
106 + 12 
410 f 37 

Protein mass was determined by cross-linking with dimethylsuberimi- 
date and particle mass was determined by dividing the protein mass by 
the protein weight percentage. Values are the mean of three experiments 
f SD. 

Incubation of HDL with d > 1.21 g/ml from serum 

LCAT deficiency is a major characteristic of galac- 
tosamine treatment and we found that serum LCAT levels 
24 h after galactosamine administration were less than 
10% of serum levels of control fasted rats (10 nmol 
cholesterol esterifiedlh per ml vs. 110 nmol cholesterol es- 
terified/h per ml). Therefore, it was of interest to learn 
whether LCAT activity from control serum is capable of 
converting the gHDL species to resemble cHDL. HDL 
incubated for 24 h at 3 7 T  with the d > 1.21 g/ml density 
fraction from control rat serum with or without the 
d < 1.07 g/ml from control rat serum were reisolated by 
density ultracentrifugation and subjected to pore-limit 
electrophoresis (Fig. 6). Densitometric scans of this gel 
indicated that the Stokes diameter of cHDL increased 
from 12 to 14 nm when it was incubated with d > 1.21 
g/ml, in agreement with previous observations (29). 
When the d < 1.07 g/ml fraction from control rat plasma 
was also included in the incubation mixture, the Stokes 
diameter of cHDL was increased further to 15 nm. 

When gHDL was incubated with control rat d > 1.21 
g/ml fraction, the complex banding pattern characteristic 
of gHDL was replaced with a more homogeneous profile; 
a major band with a Stokes diameter of 12 nm and a 
prominent shoulder at 15 nm were visible. Inclusion of 

the d < 1.07 g/ml fraction in the incubation mixture in- 
creased the Stokes diameter of the major band to 13 nm 
and a slightly narrower peak was formed. 

To ascertain whether these changes were also 
manifested in altered protein stoichiometry, cross-linking 
studies were performed. The cross-linked mass for cHDL 
was increased when cHDL was incubated with d > 1.21 
g/ml (Fig. ?A), but no additional increase was seen when 
the d < 1.07 g/ml fraction was included. The cross- 
linking pattern for gHDL changed dramatically when it 
was incubated with d > 1.21 g/ml (Fig. 7B). Before in- 
cubation the cross-linked pattern for gHDL included an 
apoA-I trimer and apoE monomer and dimer as well as 
numerous other minor bands, but after incubation a 
cross-linked species slightly larger than an apoA-I 
tetramer was formed and the apoE bands were dimin- 
ished. Inclusion of the d <1.07 g/ml fraction to the in- 
cubation mixture resulted in an increase in the 
cross-linked protein mass to slightly larger than an apoA-I 
pentamer and further loss of apoE bands occurred. 

Chemical composition data for the products of HDL 
incubated with d > 1.21 g/ml and subsequently 
reisolated are shown in Table 4.  Incubation of cHDL 
with d > 1.21 g/ml alone increased the percentage es- 
terification from 79.2 to 96.9% and resulted in a gain in 
CE at the expense of FC and PL. A similar pattern was 
seen when the d < 1.07 g/ml fraction was included in the 
incubation, although the level of esterification was slightly 
less, probably as a result of the contribution of the VLDL 
and LDL to the free cholesterol pool. 

Incubation of gHDL with control d > 1.21 glml frac- 
tion increased the percentage esterification threefold from 
21.6 to 63.5%. This was accompanied by a loss in FC and 
PL and a gain in CE and in protein. Inclusion of the 
d < 1.07 g/ml fraction yielded a further increase in 
percentage cholesterol esterification and further losses in 
FC and PL. The chemical composition of the 
gHDL + d > 1.21 g/ml + d < 1.07 g/ml was essentially 
identical to that of the unincubated cHDL. 

TABLE 3. Composition of HDL species 

Weight % Composition 

Free Cholesteryl % Cholesterol 
HDL Protein Phosphulipid Cholesterol Ester as Ester 

19.0 * 5.3 gHDL 25.4 4.3 51.4 f 3.9 16.7 f 1.8 6.6 * 2.1  
6.6 f 2 . 7  sHDLE + 21.5 f 3.3 50.4 f 7.3 25.0 f 3.1 3.1 * 1.6 

SHDLo 14.0 f 1.9 59.2 * 3.4 23.1 f 1.8 3.7 * 2.0 8.5 f 4.0 

gHDLi, 32.6 f 2.8 44.1 + 2.6 6.0 f 0.9 17.5 jl 1.7 63.8 _+ 5.5 

4.1 f 0.8 34.1 jl 3.3 83.0 f 3.3 cHDL 37.8 jl 2.2  24.0 + 1.5 

gHDL,, 22.6 t 1.5 54.7 f 2.1 17.7 f 1 . 2  5.0 * 1.8 14.3 f 4.7 

gHDLa 50.7 f 5.6 39.0 + 5.3 3.5 + 0.4 6.9 * 0.8 53.7 f 5.7 

Mean of duplicate assays from three or more experiments -+ SD 
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Fig. 6. Densitometric scanning of pore-limit electrophoresis gels of in- 
cubated HDL. Incubations of cHDL (panel A) and gHDL (panel B) 
were conducted for 24 h a t  37'C with the addition of d > 1.21 g/ml frar- 
tion from control rat sera (-----) or with the addition of d > 1.21 
g/ml + d > 1.07 g/ml fractions control rat sera (--). Scans of unin- 
cubated HDL are included for comparison (.....) . R, values are for dis- 
tance migrated for the sample relative to the distance migrated for BSA 
run on the same gel. 

Incubation of gHDL subfractions with purified 
human LCAT 

To determine whether the conversion of gHDL to a 
form that closely resembled cHDL was as a result of 
LCAT or other serum components, individual fractions of 
gHDL were incubated with purified human LCAT. In- 
cubation of apoE-rich gHDL with purified human LCAT 
and bovine serum albumin at 37°C for 24 h resulted in 
a general decrease in Stokes diameters of these HDL. 
Unincubated S H D L ~ ~  contains two prominent bands of 
Stokes diameters 31.0 and 28.0 nm, but after incubation 
the Stokes diameter of the larger band was unchanged 
and the band at 28 nm was replaced by two bands of 16.0 
and 17.1 nm. The Stokes diameters of gHDLI6 were also 
decreased after incubation with a disappearance of the 
16.7 and 15.2 nm bands and the appearance of a 12.1 nm 
band. The apoA-I-rich gHDL showed an increase in 
Stokes diameter following incubation with human LCAT 
and albumin. With incubation gHDLI1 showed only a 
slight increase from 10.6 to 10.8 nm, while gHDL8 showed 
an increase from 7.7 to 9.0 nm (data not shown). 

The  cross-linking patterns for the incubated H D L  (Fig. 
8 )  confirmed the trend observed with the Stokes dia- 

meters. The protein mass per particle of apoE-rich gHDL 
was decreased, while that for the apoA-I rich gHDL in- 
creased upon incubation with LCAT + albumin. For all 
the gHDL subfractions, incubation with LCAT + al- 
bumin produced an HDL that showed a prominent band 
in the region of an apoA-I tetramer after cross-linking. 
There was also a general decrease in the apoE cross- 
linked bands, especially the dimer band, with this incuba- 
tion. 

Changes in composition upon incubation of the gHDL 
subfractions with LCAT + albumin (Table 5) were 
similar to those observed for the incubation of 
gHDL + d > 1.21 g/ml + d <  1.07 g/ml. There were 
gains in C E  and protein with losses in FC and PL  and an 
increased percentage cholesterol esterification for all the 
subfractions. However, for the incubated apoE-rich spe- 
cies, gHDL30 and gHDLI6, the percentages of protein 
and C E  were still less and the percentages of FC and PL 
were still more than for cHDL. While the percentage 
cholesterol esterification increased five-fold for gHDL30 
from 8.7 to 46.3% and fourfold for gHDLI6 from 16.0 to 
66.376, these levels remained lower than that of unin- 
cubated cHDL (85.9%). 

For gHDLI1, the level of esterification reached 96.8% 
with incubation with LCAT, which surpassed the value 

I I 

MIGRATION - 
Fig. 7. Densitometric scanning of chemically cross-linked incubated 
HDL applied to SDS-PAGE gels. Incubations of cHDL (panel A) and 
gHDL (panel B) were conducted as described in Fig. 6: 
HDL + d > 1.21 g/ml (-----), HDL + d > 1.21 + d < 1.07 g/ml 
(-), and unincubated HDL (.....) . Positions of the self-associated 
forms of apoA-I (monomer through pentamer) are indicated by the ar- 
rows at the top of the panels. 
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TABLE 4. Composition of incubated HDL species 

Sample 

Weight 70 Composition 
% Cholesterol 

Prot. PL FC CE TG as Ester 

gHDL 33.0 46.0 14.2 6.6 0.2 21.6 
gHDL + d>1.21” 34.9 34.4 7.7 22.9 nd‘ 63.5 
gHDL + d>1.21 + d<1.07* 39.3 28.8 5.4 26.7 nd 74.4 

cHDL 40.9 26.2 4.4 28.4 0.2 79.2 
cHDL + d>1.21” 45.2 18.2 0.7 35.9 nd 96.9 
cHDL + d>1.21 + d<1.07’ 45.0 17.6 2.2 35.1 nd 90.3 

“Incubation was conducted at 37OC for 24 h. HDL concentration was 0.4 mg/ml and the d >  1.21 g/ml fraction 

’As above with the addition of the d <  1.07 g/ml fraction from control rat serum. 
“Not determined. 

from control rat serum was added as an LCAT source. 

for incubated cHDL (92.0%). Even though a level of 
almost 100% esterification was reached, the composition 
of this HDL still differed from cHDL in that the weight 
percentage of CE was lower and the percentage of PL 
higher than for cHDL. An additional source of free 
cholesterol appears to be necessary for conversion of this 
HDL to a form identical to cHDL. The smaller apoA-I- 

rich gHDL, gHDL8, also appeared to need a source of 
free cholesterol, as the percentage of CE was lower than 
for cHDL (10.0 vs. 33.8%) after incubation with LCAT. 
The percentage of PL had decreased by half for this HDL 
with incubation, which may result from generalized insta- 
bility of this HDL or from phospholipolysis in excess of 
that required for cholesteryl ester formation, as has been 
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Fig. 8. Densitometric scanning of chemically cross-linked individual gHDL fractions applied to SDS-PAGE gels with (-) or without (-----) LCAT 
modification. The individual gHDL fractions were modified by incubation for 24 h at 37OC with purified human LCAT (110 U/ml) + BSA (5 g/dl) 
and reisolated by density ultracentrifugation at d 1.23 g/ml. The apoE rich species, gHDL3, (panel A) and gHDLI6 (panel B), are shown on the 
left and the apoA-I-rich species, gHDL,, (panel C)  and gHDL8 (panel D), on the right. The positions of the self-associated forms of apoA-I are in- 
dicated by the arrows at the top of the panels. Additionally, apoE monomer (E(mono)) and dimer (E(di)) bands are indicated for the apoE-rich gHDL 
(panels A and B). 

Mutsuuru and Srvuney HDL subpopulations in the LCAT-deficient rat 589 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


TABLE 5. Coniposition of HDL species incubated with purified LCAI' 

Wright 74 (:omposition 
' X  (:holrstcnrl 

H D L  Pnn. PI. I'C: (:E <is Estcr 

gHDL 
gHDL + RSA" 
g~~~ + LCAT" 

~ H D L ~ ~  + LCAT" 

~HDI, , ,  + L C A T ~  

gHDL 

gHDLih 

sHDL, I 

gHDI,,, + LCA7'" 

g H D L  
g ~ ~ ~ , +  LCAY 

c ~ ~ ~ ,  + LcAP 

rHDL 
cHDL + RSA" 

25.0 
24.3 
28.8 

16.3 
20.6 

23.7 
26.8 

3 3 .7 
40.2 

48.8 
66 9 

39.5 
43.0 
49.8 

53.4 
43.8 
43.3 

60.6 
43.6 

55.6 
39.5 

44.6 
31.4 

40.7 
20.2 

23.5 
19.3  
15.0 

15.6 
1 9 .5 
11.2 

19.9 
14.5 

15.7 
7 8  

5 . 0 
0.5 

3.0 
2.8 

3 .:3 
3. 1 
1.7 

t i .  1 
12.4 
16.7 

3 .2 
21.3 

5.0 
25.9 

16.7 
27.8 

7 . 5 
1 0 .0  

33.8 
34.5 
3 3 ,5 

18.7 
26.8 
46.9 

8 . 7  
46.3 

16.0 
66.9 

66.4 
96.8 

5'1.4 
69. I 

85.9 
86.9 
92 .0  

Assays were conducted in duplicatr with the exception ofthe cholesterol assays for gHDLB + [ ,CAI,  which were 
single determinants. 

"Incubation was conducted at 37OC for 24 h. HDL concentration was 0.4 mg/nil, bovine serum albumin con- 
centration was 5 g/dl, and @-mercaptoethanol ronrentration was 5 mhl. HDI, was reisolated by density ultracrn- 
trifugation at d 1.23  g/ml. 

*As above with the addition 01' purified human LCAT ( I  10 U/ml). 

observed with LCAT modification of synthetic substrates 
by Nichols and colleagues (30). The  recovery of gHDL8 
protein after incubation and density gradient ultracentrif- 
ugation was only 25% as compared to 60-7596 for the 
other incubated HDL.  

DISCUSSION 

Galactosamine treatment was originally proposed as an 
experimental model for viral hepatitis (31) and was later 
suggested by Nordby and colleagues (32) to be a useful 
system for studying the interrelationship between LCAT 
and lipoprotein secretion. Since that time a great deal 
more has been learned about the organ contributions to 
the synthesis of the HDL,  but considerable uncertainty 
exists regarding the pathways whereby the various precur- 

sor forms of H D L  interact to generate the plasma forms 
of H D L  that have been most widely studied. In this in- 
vestigation we have utilized the galactosamine-treated rat 
as a tool to generate, in vivo, H D L  species that have been 
largely unmodified by LCAT in order to understand the 
effects of cholesterol esterification on these particles. 

A number of model systems have been proposed to 
study newly secreted lipoproteins (3-7, 10). In common 
with the H D L  isolated from the galactosamine-treated 
rat, these H D L  contain a relative abundance of either one 
or both of the most frequently reported forms of newly 
secreted HDL: small, apoA-I-rich spherical particles and 
large, apoE-rich discs. 

Similarities in size and composition of the various small 
H D L  are evident (Table 6). All are enriched in protein 
and phospholipid and are in the size range of 7.5-7.8 nm. 

TABLE b. Composition of' small apoA-I-rich HDI, 

Wcight k Composition 
% Cholesterol S tokn  

HDL Pro1 PL FC CE as Estw Dianicter Rct 

gHDL8 5 1 39 3.5 6.9 54 7.8 
Obstructive jaundice 51 33 5.1 5.6 6.3 39 7.6 7 
HepG2 fraction IV 64 31 4.9 0.8 9 7.6 10 
LCAT deficiency plasma (MR)" 59 35 4.3 0.7 1 . 4  9 6.0" 1 1  
LCAT deficiency plasma (D.J)" 60 34 1.3 1.7 2.1 43 6.1h 1 1  
Liver perfusate (monkey) 45 46 3.7 3 4 1.8 35 7.8 4 
Mesenteric lymph (rat) 61 29 2 7 1 67 7.8 9 

'Recalculated using the following molecular weights: 28,3000 for A-I, 775 for PL, 386 for FC, 655 for CE, and 

'Non-hydrated diameter; correction for hydration increases these values to 7.5-7.6 nm. 
850 for TG. 
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This species of HDL is seen to possess only a minor pro- 
portion of cholesteryl ester and triglyceride, resulting in a 
particle with only a small amount of core lipid. It should 
be noted that, whereas this small HDL is a major species 
in samples derived from human tissues, it is a relatively 
minor component in the galactosamine-treated rat. 

The apoE-rich gHDL also show many similarities to 
apoE-rich HDL populations isolated from other sources 
(Table 7) in that they are enriched in phospholipid and 
free cholesterol and contain little cholesteryl ester (5, 
33-35). However, the weight percentage of protein for the 
gHDL subfractions was the lowest of the apoE-rich HDL. 
This may, in part, be attributed to the generalized inhibi- 
tory action of galactosamine on UDP-dependent pro- 
cesses such as protein synthesis, although, in general, the 
rat HDL possess a lower percentage of protein than hu- 
man HDL. 

Thus, galactosamine treatment in the rat generates a 
heterogeneous population of HDL species with chemical 
and physical properties closely resembling other models of 
nascent HDL. We find that the subpopulations that we 
have isolated are useful analogs to nascent HDL species 
despite the fact that the induced hepatotoxicity can cause 
a number of metabolic aberrations. For example, 
although LCAT deficiency is a major consequence of this 
treatment Black, Freeman, and Sabesin (36) have 
reported that both hepatic and lipoprotein lipase are inhi- 
bited in the galactosamine-treated rat to 23.2% and 
37.6% of control values, respectively. Presumably, the 
HDL would therefore be subject to even less post- 
secretory modification than control HDL. 

We note that 24 h after treatment there was essentially 
no HDL remaining that could be identified as equivalent 
to control HDL. The t w  for rat HDL2, the major HDL 
species in rat plasma, was shown to be 10 h when the pro- 
tein was radiolabeled (37), but 6-7 h when the cholesteryl 
ester was radiolabeled (38). As serum from 
galactosamine-treated rats is collected 24 h after treat- 

ment, this would correspond to either two or four half- 
lives with 25% or 6.25% of the starting HDLP pool 
remaining, respectively. The lack of HDL of the size of 
cHDL in the gHDL fraction would suggest that the t f i  of 
6-7 h may be more applicable to this model and that little 
or no cHDL-type particles are generated after treatment. 
Additionally, HDL, can be converted to the larger HDLl ,  
but as this process appears to be LCAT-mediated (39), its 
contribution to the disappearance of HDLp in the 
galactosamine-treated rat may be minor. 

Control HDL and gHDL also differed in their surface 
properties, as evidenced by marked differences in protein 
cross-linking patterns. While the cHDL formed essential- 
ly a single broad band corresponding to a protein mass of 
153,000, multiple bands were seen for cross-linked gHDL, 
most of which were smaller than what might have been 
expected based upon migration by pore-limit elec- 
trophoresis. The individual apoA-I-rich gHDL subfrac- 
tions did generate defined cross-linked bands correspond- 
ing to the expected protein mass per particle and sug- 
gested the presence of two apoA-I per particle for 
gHDL8, and three apoA-I per particle for gHDLI1. All 
the apoE-rich gHDL subfractions, however, cross-linked 
poorly and apoE monomer, dimer, and sometimes trimer 
bands were prominent. It is not known whether this 
inability to cross-link the proteins of these particles is a 
property of apoE or whether the free amino groups of the 
proteins are too widely spaced for or somehow inacces- 
sible to the cross-linker. Rat apoE has been found to con- 
tain considerably less lysine than rat apoA-I (11 lysines per 
molecule for apoE vs. 21 lysines per molecule for apoA-I 
(27, 40), so that substituting apoE for apoA-I could 
possibly lead to decreased cross-linking of HDL protein, 
although apoE present in control HDL appears to cross- 
link normally (Fig. 5, lane 9, and ref. 29). It does appear 
that an increased content of apoE is associated with a 
decreased ability of the proteins of gHDL particles to be 
cross-linked. However, a correlation between an in- 

TABLE 7. Composition of large apoE-rich HDL 

HDI. 

sHDI~, ,  + 
SHDLJO 
gHDId,h 
HepG2 fraction I 
HepG2 fraction I1  
[.CAT deficiency plasma (MR)' 
K A T  deficiency plasma (AA)' 
Kat liver perfusate + DTNB 

~ 

Weight W Composition 

Pro(. PI> FC CE "3 
% Cholesternl Stokes 

as Ester Diameter Ref. 

22 50 25 3 .1  
14 59 23 3.7 
23 55 1 8  5.0 
25 51 23 1.3 
28  47 23 1.5 
30  50 19 
29 47 24 
38 40 12 4.3 5.4 

6.6 3 5a 
8.5 3 0" 

14.3 16" 
3.2 226 I O  
3 . 8  196 I O  

206 5 
28h 5 

17.3 19b 33 

"Diameters measured by gradient gel electrophoresis. 
"Diameters measured by electron microscopy. 
'Recalculated using the following molecular weights: 28,300 for A-I, 775 for PL, 386 for FC, 655 for CE, and 

850 for T G .  
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creasing content of apoE with increasing particle di- 
ameter is also evident, so that decreased cross-linking 
could be simply attributed to greater distances between 
reactive groups as might be expected for these large 
protein-poor HDL. Attempts to cross-link the proteins of 
such large particles as VLDL have failed to demonstrate 
effective intermolecular cross-links (M. W. Orishimo and 
J. B. Swaney, unpublished data). Additionally, it has been 
shown that the apoE-rich gHDL are discoidal particles 
(12) as compared to spherical cHDL, but it is not known 
how such a morphology may influence the availability of 
free amino groups to the cross-linking reagent. 

Nascent H D L  are often defined by their ability to be 
transformed into mature plasma H D L  by the action of 
LCAT. The suitability of apoE-rich H D L  as compared to 
apoA-I-rich H D L  as LCAT substrates has been disputed. 
Utermann et al. (41) incubated serum from LCAT- 
deficient patients with purified LCAT and found that the 
apoE-rich H D L  were not transformed into plasma-like 
H D L  as the other H D L  species were. Marcel et al. (2) 
found that apoE-rich H D L  from LCAT-deficient patients 
did serve as LCAT substrates and were in fact better 
substrates than normal plasma apoA-I-rich HDL. 
However, the apoA-I H D L  from these patients were still 
better substrates than their apoE-rich HDL.  

In agreement with the findings of Marcel et al. (2) both 
the apoA-I- and apoE-rich gHDL were found to be 
suitable substrates for LCAT. It was seen that, although 
neither type of gHDL was converted to a form identical 
to control plasma H D L  when they were incubated with 
purified human LCAT alone, higher levels of cholesteryl 
esterification were achieved for the apoA-I-rich gHDL 
than for the apoE-rich gHDL. However, a much greater 
increase in percent esterification was achieved for the 
apoE-rich gHDL, even though the ratio of LCAT activity 
units/nmol substrate cholesterol was much less for these 
cholesterol-rich H D L  (Table 5). 

One question of particular interest was whether the 
various types of H D L  seen in galactosamine treatment or 
with other models of nascent H D L  are merged in some 
manner to yield mature HDL.  It was found that incuba- 
tion of gHDL with the lipoprotein-free d > 1.21 + the 
d < 1.07 g/ml density fractions from control rat serum 
resulted in the formation of an H D L  species that by size 
and composition was essentially identical to unincubated 
control HDL. The  many different species normally seen 
with gradient gel electrophoresis of gHDL were replaced 
with a single broad band (Fig. 6). It was also found that 
incubation of gHDL with the lipoprotein-free fraction 
alone led to the disappearance of the heterogeneous 
gHDL pattern, yielding a broad banded species, but the 
composition differed from control H D L  in that the pro- 
tein and cholesteryl ester content was still lower and the 
free cholesterol and phospholipid content was still higher. 
It is also important to note that by cross-linking (Fig. 7) 

the heterogeneous pattern was replaced by a pattern 
rather similar to control HDL.  This suggests that the par- 
ticles might undergo a fusion, similar to that described 
with synthetic HDL species (42) and physiological H D L  
(ll), resulting in a mature form containing multiple types 
of apolipoproteins. This is of particular significance for 
apoE, since it may modulate receptor-mediated uptake of 
particles. 

It is uncertain whether all the gHDL are synthesized as 
nascent particles or whether some of them are conversion 
products. In particular, gHDLl l  may be produced from 
gHDL8 within the plasma compartment as a result of 
gains of phospholipid and cholesterol and of LCAT activ- 
i ty on the particle. A 24-h incubation of gHDL8 with 
purified human LCAT did produce an H D L  population 
that included H D L  with three apoA-I per particle, but 
there was not sufficient sample available to determine the 
composition of these H D L  (J. E. Matsuura and J. B. 
Swaney, unpublished data). 

In summary, we have found that the galactosamine- 
treated rat, which was shown by others to be an interest- 
ing model for LCAT deficiency, generates a wide variety 
of particles that appear to have very similar properties to 
other species of nascent H D L  that have been studied. 
These gHDL subfractions all serve as LCAT substrates 
and despite their quite varied compositions are trans- 
formed into a form essentially identical to plasma H D L  
when gHDL is incubated with the lipoprotein-free 
fraction + the d < 1.07 g/ml fractions from control rat 
serum. Thus, a condensation seems to occur that reduces 
the heterogeneity of the sample and alters the surface 
properties of these species. These H D L  are, we believe, 
useful for study as newly secreted lipoprotein particles 
contained within the plasma compartment that have 
undergone minimal LCAT modification. I 
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